Abstract We present an approach for identifying groundwater discharge chemistry and quantifying spatially distributed groundwater discharge into rivers based on longitudinal synoptic sampling and flow gauging of a river. The method is demonstrated using a 450 km reach of a tropical river in Australia. Results obtained from sampling for environmental tracers, major ions, and selected trace element chemistry were used to calibrate a steady state one-dimensional advective transport model of tracer distribution along the river. The model closely reproduced river discharge and environmental tracer and chemistry composition along the study length. It provided a detailed longitudinal profile of groundwater inflow chemistry and discharge rates, revealing that regional fractured mudstones in the central part of the catchment contributed up to 40% of all groundwater discharge. Detailed analysis of model calibration errors and modeled/measured groundwater ion ratios elucidated that groundwater discharging in the top of the catchment is a mixture of local groundwater and bank storage return flow, making the method potentially useful to differentiate between local and regional sourced groundwater discharge. As the error in tracer concentration induced by a flow event applies equally to any conservative tracer, we show that major ion ratios can still be resolved with minimal error when river samples are collected during transient flow conditions. The ability of the method to infer groundwater inflow chemistry from longitudinal river sampling is particularly attractive in remote areas where access to groundwater is limited or not possible, and for identification of actual fluxes of salts and/or specific contaminant sources.
Introduction
Perennial rivers are sustained by groundwater discharge during prolonged periods of low rainfall [S eguis et al., 2011] . To maintain their ecological value for future generations, effective water management at the catchment scale is required. Effective water management involves quantifying groundwater discharge and also establishing the source and location of groundwater discharge into rivers. A number of studies have estimated rates of groundwater discharging into gaining rivers by comparing river and groundwater chemistry using a mass balance model [Cook et al., 2006] . Recently, a few studies have also determined the relative contribution of different groundwater sources [Gardner et al., 2011; Harrington et al., 2013; Opsahl et al., 2007] . Using the mass balance to obtain information about groundwater inflow into rivers generally assumes knowledge of the groundwater end-member chemistry [Holtzman et al., 2005; Meredith et al., 2009] . However, the assumption that the water chemistry measured in wells some distance from the river reflects that of groundwater flowing into the river might not always be valid. In other situations, even if the assumption is valid, access to groundwater in remote areas is often limited or not possible, thus accurate determination of end-member composition is difficult.
Inferring chemistry of groundwater inflow from synoptic river sampling has been used during the last decade in a range of small catchments. Kimball et al. [2001] found that stream water chemistry was controlled by the weathering of carbonate rocks and mine drainage inflows. Barringer et al. [2007] found that groundwater chemistry was responsible for temporal and spatial variations of arsenic concentration in a New Jersey watershed. Recently, Banks and Palumbo- Roe [2010] calculated the mass balance of inflow chemical loads in a mining area by synoptically sampling and flow gauging a tributary of the River Wear (UK). All of these studies deal with mine drainage inflows; this approach, however, has not yet been applied in combination Tropical environments are sensitive ecosystems of rich biodiversity, which could potentially be threatened by major development and climate change impacts [Webster et al., 2005] . The perennial rivers of northern Australia supply large volumes of fresh water, making them attractive prospects for new irrigation development, particularly to mitigate the impacts of recent drought and the longer term effects of climate change in southern Australia [McGuire et al., 2005] . Increasing pressure on water supply and river systems elsewhere in Australia is driving strong interest in use of the abundant water resources in the north for agriculture [Gehrke et al., 2004] . However, the vast area and remoteness of these tropical catchments limits research into the feasibility of these projects.
In the present study, we examine the potential to determine the chemistry of groundwater discharging into a river by synoptic river sampling. This technique has never been applied to river lengths greater than 100 km to our knowledge, whereas here we extend the technique to 450 km of river length. We make use of the river chemistry and a steady state one-dimensional advective transport model to infer the location and rate of groundwater discharge and inflow chemistry at a catchment scale, without a priori assumption of the groundwater end-member chemistry. The method we present does not intend to replace direct groundwater sampling, but to complement it. It is useful to determine snapshots of distributed fluxes of salts and/ or specific contaminants, which when complemented with direct groundwater sampling, can achieve reliable results. It is particularly helpful in areas where access to groundwater is difficult or impossible (i.e., inaccessible remote areas), and might contribute to a reduction in costs associated with drilling of wells to explore groundwater resources.
Study Area
The Mitchell River catchment is located in tropical north Queensland, Australia, covering an area of >72,000 km 2 ( Figure 1 ). The Mitchell River flows for a distance of approximately 600 km in a westerly direction from its headwaters in the Daintree Rainforest before discharging into the Gulf of Carpentaria. It has four main tributaries (from east to west): the Walsh, Lynd, Palmer, and Alice Rivers, and numerous smaller tributaries (creeks) in the upper catchment, the most important in terms of discharge being the Rifle, Mary, and McLeod Creeks. The study area covers a length of >400 km of the Mitchell River, from the headwaters to the confluence with the Palmer River.
The majority of the catchment is Dry Tropics savannah, with <20% of the area being Wet Tropics rainforest (in the upper, eastern part of the catchment). The area is generally remote and uninhabited, so direct river access is limited. Furthermore, the river is the habitat of both freshwater crocodile (Crocodylus johnstoni) and saltwater crocodile (Crocodylus porosus), making safe ground-based access to the river problematic.
Climate and Hydrology
In tropical northern Australia, the climate is characterized by two distinct seasons; on average about 90% of annual rainfall occurs in the ''wet season'' between November and March, with the remainder of the year classified as a ''dry season.'' Mean annual rainfall for the region is 965 mm, although there is a strong eastwest gradient reflected by the transition from upland rainforest in the headwaters (east), to the flat savannah landscapes in the west. There is high potential evapotranspiration during the dry season, from May to October (average of 5.2 mm d 21 ). Several flow-gauging stations managed by the Queensland Department of Natural Resources and Mines (DNRM) (http://watermonitoring.derm.qld.gov.au/host.htm) are located along the Mitchell River and its tributaries (Figure 1 ). The Mitchell River has a marked seasonal flow regime, with high water levels and extensive flooding during the wet season and reduction of discharge and river stage toward the end of the dry season ( Figure 2 ).
Geology and Hydrogeology
The Mitchell River flows across seven distinct geologic units. Within the upper 180 km, it flows through Silurian-Devonian marine sedimentary deposits including mudstones and graywackes (Hodgkinson Formation, HF) . From 180 to 215 km downstream, the river crosses a mixture of Proterozoic-Paleozoic siliciclastic igneous-intrusive and metamorphic rocks. Outcrops of Jurassic sandstones (Gilbert River Formation, GRF)
are found between 215 and 225 km, while heavily faulted early Cretaceous mudstones (Rolling Downs Group, RDG) are found from 225 to 295 km downstream. Oligocene sandstones (Bulimba Formation, BF) between 295 and 330 km, outcrop after the confluence of the Lynd River, followed by thick sequences of Miocene to Pliocene sandstones (Wyaaba Beds, WB) from 330 to 380 km, and Quaternary Alluvial Sediments (QAS) from 380 km onward, only a few meters above sea level (Figure 1 ).
Four main types of aquifers are found in the catchment: (I) fractured rock basement; (II) sandstones of the Great Artesian Basin (GAB); (III) Cenozoic sediments, and (IV) Quaternary alluvium. The fractured rock basement, comprising predominantly the HF, includes marine siliciclastic rocks and graywackes that constitute unconfined fractured rock aquifers with variable permeability and low storage, for which the mechanism of recharge is limited to direct rainfall [CSIRO, 2009] . As part of the GAB, Jurassic sandstones of the GRF outcrop in the center of the catchment in a north-south orientation; here the aquifer is unconfined. In the west, this aquifer is confined and artesian. The Oligocene sandstones of the BF is the most dominant formation of Cenozoic age in the area, and is composed of fluvial sediments derived from weathering of the GRF in the center of the catchment. Despite its high surface outcrop in the western part of the catchment, this formation is believed to be of limited productivity, as aquifers are mainly restricted to discontinuous meandering paleochannels. Finally, sediments deposited by the Mitchell River and its tributaries in occasional floods constitute the Quaternary aquifer, restricted to the western part of the catchment. Maintenance of river flows throughout the dry season is provided in part by runoff from the elevated rainforest at the top of the catchment, and in part by groundwater discharge (i.e., base flow).
Methodology

Tracers Used in This Study
Water chemistry measurements included radon activity, the strontium isotopic ratio and major and minor ion concentrations. Radon-222 ( 222 Rn) is a noble gas produced in the subsurface by the radioactive decay of radium-226 ( 226 Ra). It is a useful tracer to determine groundwater discharge to rivers [Cook et al., 2003 [Cook et al., , 2006 , as the activity of 222 Rn in the atmosphere is negligible. 226 Ra is present in all rocks, and thus 222 Rn accumulates in groundwater achieving secular equilibrium after approximately 2 weeks [Ellins et al., 1990] . 222 Rn volatilizes to the atmosphere and has a short half-life (3.83 days). These factors make 222 Rn a useful tool to differentiate between sources of surface and subsurface water.
The strontium isotopic ratio ( 87 Sr/ 86 Sr) has been proven to be a useful tool to determine mixing of water of different origins [Harrington and Herczeg, 2003; Semhi et al., 2000] . 87 Sr is the product of 87 Rb decay (halflife 5 4.9 3 10 10 years), which adds to the original amount of 87 Sr [McNutt, 1999] . Rocks and minerals with different Rb/Sr ratios will therefore develop a specific 87 Sr/ 86 Sr ratio, which will determine different ratios for
Sr dissolved in water due to rock weathering [Blum et al., 1993] . For example, marine carbonates typically have ratios of about 0.709, reflecting that of Phanerozoic seawater [Burke et al., 1982] , whereas silicate rocks have much higher values, often higher than 0.750. That said, a range of Sr isotopic ratios can be produced during weathering reflecting the Sr isotopic ratio of constituent minerals [Petelet-Giraud et al., 2003] [Petelet-Giraud et al., 2007] .
The major ion chemistry of groundwater discharge to a river is the result of mineral dissolution and rock weathering reactions in the host aquifer as well as redox processes, dissolution and precipitation salts in soils and biological uptake (e.g., vegetation), particularly for shallow aquifers. In relatively small catchments (e.g., hundreds of square kilometers), the effects of processes other than rock weathering on groundwater chemistry have been shown to be important [N egrel and Deschamps, 1996] . In contrast, rock weathering of the aquifer matrix can explain up to 90% of the water chemistry in large, regional catchments (e.g., tens of thousands of square kilometers [N egrel and Lachassagne, 2000; Petelet et al., 1998; Reeder et al., 1972; Stallard and Edmond, 1983] ). Therefore, changes in geology are expected to play a major role in the chemistry of groundwater discharge along the Mitchell River. 
Surface and Groundwater Sampling
Surface water and groundwater in the Mitchell River catchment were sampled at the end of the dry season in October 2011. The sampling program was conducted in three parts across the upper 400 km of the catchment (Figure 1 ).
Part 1 consisted of high-resolution river sampling conducted by helicopter on a single day (17 October 2011). This procedure not only maximized the likelihood of capturing a particular snapshot in time of the flow conditions along the studied reach, but also overcame access difficulties due to the remoteness of the area and the abundance of saltwater crocodiles (Crocodylus porosus). Unfortunately, a small flow event occurred the day before sampling due to scattered rainfall in the upper part of the catchment (Figure 3 ). Sampling locations were distributed every 5 km along the reach from 68 to 309 km downstream, and every 25 km between 309 and 393 km. Coordinates of these sampling locations were uploaded to the helicopter's GPS. Samples were collected by hovering the helicopter over the river and directly sampling with a submersible pump attached to a marine buoy following the methods of Gardner et al. [2011] and Harrington et al. [2013] . All 60 samples collected were analyzed for major ions, 222 Rn and the 87 
Surface Water Discharge
During the sampling period, the Mitchell River was flow gauged at eight locations along the studied reach (Table 1 and Figure 1 ). All tributaries were also gauged, with the exception of the Hodgkinson River (no access). Flow gauging was performed the same day as the helicopter sampling or the following day. An Acoustic Doppler Current Profiler (ADCP) or a FLO-MATE TM 2000 portable electromagnetic flowmeter was used, and for those locations where access was not possible, discharge values were obtained from automated flow gauging stations of the Queensland Department of Natural Resources and Mines (DNRM) (http://watermonitoring.derm.qld.gov.au/host.htm).
3.5. Modeling 3.5.1. One Dimensional Advective Transport Model Changes in flow, tracer composition, and chemical concentration in the river were modeled using a 1-D advective transport model that takes into account groundwater inflow into the river, losses of water from the river and, for 222 Rn, atmospheric exchange, production within the hyporheic zone, and decay within the river and the hyporheic zone. The change in flow with distance in the river is given by
where Q is the river discharge (m water pumped out of the river system (e.g., water used for irrigation, livestock, and human consumption) or losses to the underlying aquifer. The Mitchell River catchment is remote and extremely sparsely populated, hence, pumping from the river may be assumed to be negligible. Tracer concentration change along a river that receives groundwater inflow is given by [Cook et al., 2006] :
where c is the concentration of a given tracer in the river, c i is the concentration of the same tracer in the water inflow, k is the gas transfer velocity across the water surface (m d
21
), S is the tracer solubility, c a is the atmospheric mixing ratio for gaseous tracers (-), k is the radioactive decay constant (d 21 ), d is the mean river depth (m), c is the hyporheic production rate (Bq L 21 d
), h is the mean hyporheic depth (m), t h is the mean residence time of water in the hyporheic zone (d), and h is the hyporheic zone porosity (-). Subscripts ''gw'' and ''sw'' in the I term refer to groundwater and surface water inflow, respectively. Terms 1 to 6 in the right-hand side of equation (2) represent changes in river concentration due to groundwater inflow, surface water from tributaries, evaporation, gas exchange, radioactive decay within the river and production and radioactive decay within the hyporheic zone. In this study, terms 5 and 6 only apply to 222 Rn. This modeling approach assumes steady state discharge in a river which in reality rarely occurs. In order to approximate steady state under transient conditions river samples are required to be collected in a very short period of time. An analysis of the consequences on estimating groundwater discharge and its chemistry when applying a steady state model under transient river flow conditions is presented in Appendix A.
Model Parameterization
Model parameters and initial values are presented in Table 2 . Based on field measurements during river flow gauging, the river width (w) was fixed to 10 m in the upper catchment, where the river is relatively well channelized, and linearly interpolated downstream to 20 m width at the end of the reach studied (x 5 450 km), where the flood plains are wider and the river becomes more braided. Although the river was only sampled for 400 km, the model domain was extended to 450 km where the Dunbar flow gauging station is located, as it provides a downstream boundary condition. Based on field observations, the river depth (d) was interpolated from 1 m in the upper catchment to 0.5 m at the downstream end. An evaporation rate (E) of 5 mm d 21 was assigned, consistent with that used in previous studies of northern Australia [Gardner et al., 2011; Smerdon et al., 2012 ]. An initial upstream river discharge (Q o ) of 25,920 m 3 d 21 (0.3 m 3 s 21 ) was assigned based on flow measurements carried out in the upper catchment. Hyporheic porosity (h), depth (h), and residence time (t h ) were assumed constant with 0.4, 1 m, and 0.25 days, respectively [Gardner et al., 2011] . Harrington et al. [2013] showed that model sensitivity to these parameters is as low as 0.01 for a similar river in northern Australia (i.e., 100% variation on the parameter induces a change in model output of , and 0.02 mg L 21 , respectively, based on surface water analysis in the upper catchment. The same approach was used to assign initial concentrations of major ions.
The measured discharge and chemistry of tributaries (Rifle, Mary, and McLeod Creeks, and Hodgkinson, Walsh, Lynd, and Palmer Rivers) were used as known input data to compute the flow and tracer mass balance.
Due to the sheer size of the Mitchell River catchment (> 72,000 km 2 ) and therefore the likely importance of geology as a control on the chemistry of groundwater discharge-either directly via weathering of aquifer minerals or indirectly via soil processes-we assumed a single flow-weighted chemistry for each geologic unit (Figure 1 ).
The modeling approach was to simulate measured river discharge and chemistry, and in doing so to estimate 14 different parameters: the rate and distribution of river loss (L) and groundwater discharge (I), and the chemistry of groundwater discharge including groundwater discharge 222 Rn activity, EC, and major ion (Na The location and rate of groundwater discharge were anticipated to be highly variable along the river, thus the number of zones for groundwater discharge (I) and their rate were established through iteration designed to minimize the root mean square error (RMSE) of the modeled and measured Mitchell River discharge on the calibration output. A total of 44 discharge zones, of variable length, were allocated along the 450 km river length.
Model Calibration
Equations (1) and (2) were coded in Fortran in order to automate the calibration process and undertake uncertainty analysis of groundwater discharge and its chemistry using the automated parameter estimation code PEST [Doherty, 2008] . PEST uses a Gauss-Marquardt-Levenberg (GML) algorithm to minimize an objective function composed of the sum of weighted squared differences between model-generated outcomes and their corresponding field-measured counterparts. The objective function is defined as
where u is a vector containing values of each of the parameters being estimated, n is the number of observations, o i is the i'th observation, m i is the corresponding ith modeled observation, and w i is the associated weight of the ith observation. Model calibration results in the best estimate of the modeled parameter and its 95% confidence interval.
PEST was implemented using the automatic user intervention option ''auid'' [Doherty, 2008] . This setting allows PEST to temporarily remove apparent excessively sensitive parameters from the parameterestimation process, which contributes to lowering of the objective function.
Parameter Identifiability
The identifiability (ƒ) of a parameter is a qualitative statistic that represents the capacity of the model to reliably identify a parameter with the available observations [Doherty and Hunt, 2010] . In order to calculate the identifiability of a parameter, the sensitivity of each model parameter to each model output for which field observations are available must first be calculated. The Jacobian matrix (X) is the finite difference approximation of the sensitivity matrix [Doherty and Hunt, 2009] . It consists of sensitivities of all specified model outputs to all adjustable model parameters and is computed through perturbation of an optimal parameter set. 
where Q is the observation weight matrix, X is the Jacobian matrix, U is an orthogonal matrix spanning observation space, S is a diagonal matrix containing the singular values in decreasing order, and V t is the transpose of an orthogonal matrix spanning parameter space.
SVD essentially creates weighted parameter combinations (V t ) that are themselves weighted based on the extent to which they are able to represent the variance present in the data (magnitude of singular values). In this way, parameter space is divided into calibration solution space (parameter combinations that will influence calibration so may be identified from the available data to some extent) and calibration null space (parameters do not influence calibration and hence cannot be identified from the available data).
Mathematically, identifiability is defined as [Doherty and Hunt, 2009] :
In simple terms, parameter identifiability f i can be considered as the projection of parameter i on the calibration space: if f i 5 1, the parameter combination can be uniquely estimated, if f i 5 0 the observation data provides no information about the parameter combination, and where 0 < f i < 1, the parameter combination can be partly estimated. Identifiability was calculated via postcalibration analysis using the driver program GENLINPRED ''general linear predictive uncertainty/error analyzer'' within PEST [Doherty, 2008] .
Results
Surface Water Chemistry
Results of EC, 222 Rn, and 87 Sr/
86
Sr analyzes are presented in Figure 4 and Table S1 . EC values are low ($60 lS cm Table S2 ). Overall, the Mitchell River waters have very low levels of SO 
Groundwater Chemistry
Results from wells 1, 2, and 58 indicate that groundwater chemistry in this part of the catchment is more dominated by Na (Figure 5b ). Well 1 is located 37 km downstream of well 2, with both relatively close to the Mitchell River (5.6 and 4 km orthogonal distance, respectively) in the uppermost part of the catchment (Figure 1 ). Well 58 is completed in the same geologic unit (Hodgkinson Formation-HF), and located in the upper part of the Walsh River catchment, approximately 200 km upstream of the confluence with the Mitchell River. Although these wells are completed in the HF, their screens (6 m length) are all located at different levels: 40, 20, and 25 m below ground level for wells 1, 2, and 58, respectively. Vertical stratification within this formation may explain the variation in concentrations, although different spatial location in the aquifer may also explain these variations. Ca 21 and HCO 2 3 dominate the groundwater chemistry of Well Chill, which is consistent with the local occurrence of altered carbonate rocks (i.e., marble). The groundwater chemistry of Well Wroth has a distinct anionic composition, with high HCO 
River Flow and Tracer Discharge
Measured river discharges during the sampling period are summarized in Table 1 . FLO-MATE TM and DNRM automated flow-gauging station values compared reasonably well at the single location where both types can only partially explain the increases in flow and tracer discharge along the Mitchell River ( Figure S1 ). The uppermost tributaries of the catchment (Mary and McLeod Creeks) contribute up to 80% and 70% of the increases in flow and tracer discharge of the Mitchell River, respectively, whereas the contribution of Hodgkinson River is limited to 43% and 60%, respectively. Further downstream, the Walsh and Lynd Rivers contribute almost 100% of the increase in river tracer and flow discharge. However, between these two rivers (260-309 km distance downstream), there are no tributaries to explain the 109% and 81% increase in Mitchell River flow and tracer discharge, respectively, these increases being totally due to groundwater discharge.
Model Calibration Results
Calibrated river flow, tracer (EC, 222 Rn, and Sr) and major ion concentrations are shown in Figure 6 Model calibration using 44 individual reaches along the Mitchell River resulted in a detailed longitudinal profile of groundwater discharge rates (Figure 6, right and modeled river flow was 9%, with the modeled river flow being slightly overestimated in particular at two locations, Gamboola (257 km downstream) and Dunbar (438 km downstream) (Figure 6 , left).
Groundwater Discharge Chemistry
Model calibration resulted in a longitudinal groundwater chemistry profile for each tracer (Figure 6 , right). vary between 0.73684 and 0.71153, although no particular trend was observed. Regarding modeled groundwater chemistry, groundwater discharging in the upper part of the catchment (0-210 km) had comparatively lower concentrations than the lower catchment. The error associated with modeled groundwater discharge and its chemistry is shown in Figure 6 (right) as the 95% confidence interval for the estimated value. The confidence intervals provide a useful, visual, tool for comparing the associated uncertainty of modeled values. Calculated errors are consistently low for chemistry in the river sections where HF, Ign, and RDG formations outcrop. In contrast, errors are notably higher for the GRF, BF, WB, and QAS. Errors associated with estimating 87 Sr/ 86 Sr ratios are not available as the ratio is indirectly obtained from separately calibrated concentrations of Sr and Sr*, each with high R 2 (0.981 and 0.978, respectively) and low RMSE (0.0065 and 0.0053 mg L 21 , respectively).
Parameter Identifiability
The identifiability of each parameter is shown in Figure 7 for each geologic unit. Three out of seven geologic units, Hodgkinson Formation (HF), Igneous-intrusive (Ign), and Rolling Downs Group (RDG), are characterized by high identifiabilities in most of the modeled parameters. This result coheres with the low predictive errors computed for groundwater discharging in those sections where the Mitchell River flows across HF, Ign, and RDG geologic units. Similarly, identifiabilities were generally low and predictive errors in groundwater chemistry were generally higher for those sections corresponding to GRF, BF, WB, and QAS (Figure 6, right) . Following Doherty and Hunt [2009] , a qualitative identifiability level of 0.8 can be arbitrarily defined in order to mark the cutoff between parameters classed as identifiable and nonidentifiable. In this case, a total of 62 parameters out of 128 are classed as identifiable, 33 of which are groundwater inflow (Figure 7) . The vast majority of these 62 parameters correspond to the three geologic units previously mentioned, HF, Ign, and RDG.
The low identifiabilities corresponding to groundwater discharge zones located in the BF, WB, QAS, and GRF appear to be independent of the location of the flow gauging stations and flow measurement points, as these are spatially well distributed along the entire length of the studied river section.
Source of Groundwater Inflow
The groundwater chemistry measured in five regional wells was compared to model-derived groundwater discharge chemistry (Figure 8 ). Measured groundwater chemistry from wells falls into two distinctive groups. The first group of wells (1, 2, and 58), located in the HF geologic unit, are chemically distinct from the modeled groundwater discharging into the river in this area. All of these wells fall in the top right corner of the graphs, indicating comparatively high concentrations for all the measured parameters. Conversely, groundwater chemistry from the second group of wells (Chill and Wroth) has low concentrations for most of the parameters (except Ca 21 in Chill), similar to the modeled groundwater chemistry discharging from 180 km downstream. In terms of ion ratio, wells Chill and Wroth have quite similar ratios to modeled groundwater discharge, with 6 out of 10 parameters within the same order of magnitude. Modeled ratios overestimated between 8% and 40% for Mg/K and Cl/Si ratios, and the rest of modeled ratios underestimated by between 30% and 50%. The single exception was the overestimation of the Mg/K ratio for the RDG river reach by up to 200%. Modeled ion ratios of wells 1, 2, and 58 are consistently underestimated by 95%, while strongly overestimated for Ca/Na and Ec/Rn (up to 400% and over; Figure 8 ). , and HCO 2 3 concentrations and EC values are particularly close, indicating a direct connection between this geologic unit and groundwater discharge in this part of the catchment. Interestingly, 40% of the total groundwater discharge in the river occurs in this section.
Modeled ion ratios in the first 180 km (HF outcrops) do not match with ratios from regional groundwater sampled from wells 1, 2, and 58, which are completed and screened in the HF. Additionally, the only point that does not fall on or near the 1:100 line in Figure S2 corresponds to the modeled R[cations] of groundwater discharging in this area. Not surprisingly, this area of the catchment, and more precisely between 68 and 167 km, is where the flow event occurred. However, continuous monitoring of river water electrical conductivity showed <1% variation at 30 km downstream during the sampled period (C. Welsh, unpublished data, 2011 ). An analysis of the impact of the passage of the flood wave on river chemistry and estimates of groundwater discharge and its chemistry when applying a steady state model during transient river conditions revealed that a maximum overestimation of up to 75% is likely to occur during the first 100 km of a flow event similar to the one recorded during the sampling period (Appendix A and Figure A1 ). This error dramatically decreases if the sampling is performed after the peak of the flow event has passed. A close look at Figure 3 confirms that river sampling was performed after the peak of the flow event.
Interestingly, model calibration results consistently produced low errors for groundwater chemistry discharging in the HF outcrop area (Figure 6, right) , despite the flow event recorded between 68 and 167 km. Although this might appear contradictory with the flow event and dissimilarity between modeled and measured ion ratios in this part of the catchment, it is rather elucidating. Low model calibration errors, together with high model identifiabilities, indicate that the chemistry of groundwater discharging to this river reach is quite distinctive, rather than being a mixture of many different sources. Local alluvial aquifers found in this part of the catchment, bank storage return or local recharge appear thus to be the main plausible sources of groundwater discharge, and likely one of them has stronger impact on groundwater discharge chemistry than the others.
Discussion and Conclusions
In this paper, we have shown that regional-scale sampling of river water chemistry can be used to infer spatial variations in the chemistry of groundwater discharging into a river. In practice, discharging groundwater will always be a mixture of water derived from many sources, including local aquifers, bank storage that was emplaced during previous river flow events, and in some cases regional aquifers [McCallum et al., 2010 , Doble et al., 2012 . Hence, the methodology does not necessarily produce chemical compositions that represent the chemistry of groundwater sampled from regional wells. Rather, the concentration of groundwater discharge to the river may be intermediate between groundwater (either local or regional), bank storage return, and local recharge. If groundwater is much saltier than river water, ion ratios of discharge water should represent those of groundwater; on the contrary, if groundwater is fresh, ion ratios of discharge water should be representative of a mixture between groundwater, bank storage return, and local recharge.
It must be recognized that not all modeled parameters are equally identifiable. Although high identifiabilities are expected to relate to those parameters with low predictive errors, this is not a general rule. For example, in this study identifiabilites for EC and HCO 2 3 (Bicarbonate, Bic) are zero for all geologic units, whereas low predictive errors were found for these parameters in three geologic units. This apparent contradiction occurs when two sensitive parameters are correlated. In these conditions, only the ratio of the correlated parameters and not the absolute value is sensitive to model results [Haitjema, 2006] . In this study, the combination of low predictive errors and high identifiabilities appeared to correspond to groundwater discharge with very distinctive chemistry, either regionally derived or bank storage return flow. Thus, it appears that the method, complemented with model uncertainty techniques, has potential to differentiate between local (e.g., bank storage) and regional groundwater sources discharging into the river using model uncertainty techniques.
Determining groundwater discharge rate, location, and chemistry from river sampling will be particularly accurate under nearly steady state, low river flow conditions. The method will still be valuable under transient conditions created by a flow event, particularly if river sampling is performed in a short period of time, after the passage of the flow wave and conservative tracers are targeted. In the case of the Mitchell River, we estimated that errors in the modeled major ion concentrations and other nongaseous tracers due to the flow wave may be 75% at the maximum ( Figure A1 ). One important corollary of this finding is that all such tracers should have the same error, and thus estimated ratios of major ion concentrations will not be affected. Conversely, ion ratios of nonconservative tracers will not be maintained, which will be exacerbated if river sampling is performed just before or during the flow wave peak. Although we used a simplified approach to determine the impact of applying a steady state model to transient conditions created by a small flow event when determining groundwater discharge location and chemistry from river sampling, this is a promising contribution toward what we believe should be used in these situations: 3-D fully coupled surface water-groundwater models at the catchment scale.
Synoptic sampling of river water to infer groundwater chemistry is a promising technique to be considered for broad application to water management and environmental issues. Surface water contamination may be due to human activities (point and diffuse source) but often has its source in the geology of the catchment, either as heavy metals or salinity resulting from rock weathering. The link between catchment geology and river chemistry has previously been shown [Bluth and Kump, 1994] , as well as the usefulness of synoptic sampling to determine mining impacts in surface water catchments [Banks and Palumbo-Roe, 2010] . The method we have presented is particularly useful for situations where management decisions need to be taken to mitigate the input of a contaminant load in the river system. For example, in an area where the primary water consumption is surface water, locating the source area of contaminants within the catchment can help to assess capture and treatment options before it enters the system. Also, it may help to allocate areas of water extraction and consumption without affecting the base flow and ecological status of the river. For example, our study identified that 40% of groundwater discharge occurred over only 15% of the river length.
The method is particularly useful for very remote areas where there are few wells available for sampling groundwater. While sampling remote catchments is challenging and may require sophisticated sampling techniques (e.g., helicopter), the method may be easily and routinely deployed for short river lengths where river access is possible. The method can be complemented with sampling groundwater prior its discharge to the river where possible, by installing drive points in the riverbed for example. along the first 180 km of the Mitchell River. Groundwater discharge concentration (C gw ) was assumed constant and equal to 1 (dimensionless) along the river length, while the surface water concentration at the upper boundary was set equal to zero (C riv 5 0; dimensionless). This approach does not model groundwater flow; it only solves river flow through the 1-D diffusion approximation of the Saint Venant equations and simulates solute transport in the river with the advection-dispersion equation. A cosine-shaped wave of similar characteristics to the measured one (0.3 m amplitude and period of 3 days, Figure 3) was modeled, and changes in river concentration recorded. Complete consideration of the combined effects of the passage of a flood wave and simultaneous exchange between river and groundwater would require a fully coupled 3-D groundwater-surface water model and extensive data collection, which is beyond the scope of this paper. Although the 1-D model used does not consider transience in groundwater discharge chemistry or rate caused by processes such as bank storage, it enables analysis of the influence of the propagation of a flow wave on river chemistry as a function of sampling time and distance downstream. In doing so it takes an important step forward toward assessing the impacts of using steady state models to represent transient systems.
Results of the theoretical HydroGeoSphere modeling analysis show how river water level (or discharge) and river concentrations at different times are enveloped within two steady states, prior to the flow event (0.4 m), and a steady state at 0.7 m (corresponding to an initial water level of 0.4 m plus a flood wave of amplitude equal to 0.3 m) ( Figures A1a and A1b ). According to Equation (2) , for a conservative solute the groundwater discharge is approximately proportional to Q@c/@x. The divergence or error of Q@c/@x from steady state is presented in Figure A1c for different times. As the wave of the flow event travels downstream, Q@c/ @x is likely to be overestimated by up to 400% 120 h after the start of the flow event, at a distance of 450 km. On the contrary, 12 h after the beginning of the flow event, Q@c/@x is overestimated a maximum of 25% at 30 km downstream. The error in tracer concentration and groundwater discharge induced by flow wave propagation applies equally to any conservative tracer. Consequently, major ion ratios can still be resolved with minimal error if river samples are collected during transient flow conditions. Modeling results from the steady state model indicated that important river losses occur at approximately 176 km, downstream of OK Bridge gauging station (167.3 km). The area is very remote; it is therefore considered unlikely that this loss can be attributed to extraction by pumping from the river. The flow event seems to dissipate between OK Bridge (167.3 km) and Gamboola (257.0 km) gauging stations, and it is likely that the 24% increase in discharge at Gamboola between the 16 and the 17 October is mostly due to the increase in discharge of the Walsh River (19% as measured at Trimbles Crossing). Given the important loss rate at 176 km (2.8 3 10 5 m 3 d
21
) and the small size of the flow event, it is speculated that the event did not travel further than this point, limiting the effect of the flow event to 100 km, between 68 and 167 km. According to model results presented in Figure A1 , a maximum overestimation of the groundwater discharge and its chemistry of 75% will occur in the first 100 km 36 h after the beginning of a flow event. Overestimation dramatically decreases after the peak of the flow wave has passed. River sampling was performed after the flow wave peak (Figure 3) , confirming modeled groundwater discharge and chemistry using the 1-D steady state model might have been overestimated by 75%, in the worst case scenario, between 68 and 167 km downstream.
